Experiment I was designed to test the effect of thaw rate on semen packaged in glass ampules. One ejaculate from each of 10 Holstein bulls was diluted in egg yolk-citrate-glycerol, packaged in 1.0 ml glass ampules and frozen in liquid nitrogen vapor. Water bath thaws of 5 C for 10 rain, 20 C for 4 rain, 35 C for4 min, 50 C for 75 sec, 65 C for48 sec, 80 C for 37 sec and 100 C for 20 sec were compared. Comparisons were based on percentage of motile spermatozoa and percentage intact acrosomes. Initial estimates of motility and percentage intact acrosomes were made immediately following thaw (0 hr) and again at 4 and 8 hr of incubation at 37 C. Overall means (averages of O, 4 and 8 hr for all ejaculates) for percentage intact acrosomes were 34.5, 24.2, 32.4, 46.3, 47.6, 50.3 and 52.2 for the 5 C, 20 C, 35 C, 50 C, 65 C, 80 C and 100 C thaws, respectively. Significant damage to spermatozoa (P<.O1) resulted following thaws of 20 C while thaws of 35 C did not differ from 5 C thaws. For motility and percentage intact acrosomes there was a significant (P<.O1) ejaculate x thaw rate interaction. However, all ejaculates responded favorably to thaws above 35 C. Overall means for percentage of motile spermatozoa (all ejaculates at O, 4 and 8 hr) were greater (P<.O1) following thaws above 35 C when compared to the 5 C and 20 C thaws.
Experiment I was designed to test the effect of thaw rate on semen packaged in glass ampules. One ejaculate from each of 10 Holstein bulls was diluted in egg yolk-citrate-glycerol, packaged in 1.0 ml glass ampules and frozen in liquid nitrogen vapor. Water bath thaws of 5 C for 10 rain, 20 C for 4 rain, 35 C for4 min, 50 C for 75 sec, 65 C for48 sec, 80 C for 37 sec and 100 C for 20 sec were compared. Comparisons were based on percentage of motile spermatozoa and percentage intact acrosomes. Initial estimates of motility and percentage intact acrosomes were made immediately following thaw (0 hr) and again at 4 and 8 hr of incubation at 37 C. Overall means (averages of O, 4 and 8 hr for all ejaculates) for percentage intact acrosomes were 34.5, 24.2, 32.4, 46.3, 47.6, 50 .3 and 52.2 for the 5 C, 20 C, 35 C, 50 C, 65 C, 80 C and 100 C thaws, respectively. Significant damage to spermatozoa (P<.O1) resulted following thaws of 20 C while thaws of 35 C did not differ from 5 C thaws. For motility and percentage intact acrosomes there was a significant (P<.O1) ejaculate x thaw rate interaction. However, all ejaculates responded favorably to thaws above 35 C. Overall means for percentage of motile spermatozoa (all ejaculates at O, 4 and 8 hr) were greater (P<.O1) following thaws above 35 C when compared to the 5 C and 20 C thaws.
Experiment II was designed to compare the effect of sudden post-thaw temperature reduction on semen thawed at various rates. Thaws of 5 C for 10 rain, 35 C for 4 min, 50 C for 75 sec and 100 C for 20 sec were used. Post-thaw treatments of -20 C for 40 sec, 1 C for 4.5 min, 37 C for 40 see and 37 C for 4.5 rain were used. When compared to the 5 C thaw, semen thawed at 35 C, 50 C and 100 C had significant acrosomal damage (P<.01) when exposed to the -20 C or the 1 C post-thaw treatments. Semen thawed at 50 C and 100 C resulted in higher (P<.O1) percentage of motile spermatozoa and percentage intact acrosomes when followed by exposure to 37 C post-thaw treatments than semen thawed at 5 C and 35 C. With the exception of semen thawed at 5 C, the -20 C post-thaw treatment resulted in greater acrosomal damage (P<.O1) than did the 1 C post-thaw treatment. Semen thawed at 100 C resulted in higher (P<.O1) percentage intact acrosomes than semen thawed at 35 C or 50 C regardless of the post-thaw treatment.
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I NTRODUCTION
Recent studies using bovine semen packaged in plastic straws have shown clearly that fast thaw rates improve post-thaw recovery of live spermatozoa (Robbins et al., 1972 (Robbins et al., , 1976 Almquist and Wiggin, 1973 a,b; Senger et al., 1976; Wiggin and Almquist, 1975) . In addition Stoye (1966) demonstrated that semen packaged in ampules and thawed at 40 C had higher viability and resulted in higher fertility after post-thaw incubation than semen thawed in ice water. In light of the possible benefit of fast thaws to semen packaged in ampules, Experiment I of this study was designed to test a wide range of thaw rates (5 C to 100 C) on semen packaged in glass ampules using laboratory evaluation methods known to be positively correlated with field fertility in cattle.
When mammalian spermatozoa are exposed to sudden temperature reductions irreversible cold shock damage occurs. Unless thawing in 95 JOURNAL OF ANIMAL SCIENCE, Vol. 44, No. 1, 1977 warm water is carefully timed, intra-ampule temperature may rise to levels which render spermatozoa susceptible to cold shock from subsequent exposure to cold ambient temperatures or cold inseminating equipment. Since the effects of sudden post-thaw temperature reduction on diluted semen thawed at faster than conventional rates have not been critically studied in the ampule, Experiment II was designed. The objective of this experiment was to compare the effect of sudden post-thaw temperature reduction on semen thawed at fast rates with semen thawed in ice water.
MATERIALS AND METHODS
One ejaculate from each of 10 mature Holstein bulls was diluted in egg yolk-citrateglycerol containing 500 /ag of dihydrostreptomycin sulfate and 500 IU of potassium penicillin-G per milliliter of final diluent. Initial dilution was made in 50 ml of yolk-citrate without glycerol (fraction "A") at 37 C. Flasks containing the partially diluted semen were suspended in beakers containing 225 ml of H20 at 37 C and cooled to 8 C. Following a 2.25-hr cooling period additional fraction "A" was added to give a sperm concentration of 100 x 106 sperm/ml. Glycerolation was accomplished by adding an equal volume of yolk-citrate containing 14% glycerol to the semen extended in fraction"A'. Additions were made in increments of 10, 20, 30 and 40% by volume at 10-min intervals. Final sperm concentration was 50 x 106 total sperm/milliliter. The diluted semen was packaged in volumes of .75 ml in 1.0-ml glass ampules and equilibrated for 4.5 hours.
Following equilibration semen was frozen in liquid nitrogen vapor. The freeze rate from 8 to -15 C was 1 C/min, from -15 to -65 C was 4 C/min and from -65 to -100 C required 2 minutes. Total freeze time was approximately 37 minutes. When -100 C was reached, the ampules were plunged into liquid nitrogen and stored until evaluated. for 48 sec, 80 C for 37 sec and 100 C for 20 seconds. Thaw times were determined prior to the experiment by placing thermocouples within ampules and measuring the time required to reach either 20 C for the 20 C thaw or 35 C for thaws of 35 C and higher. The final internal ampule temperature for the 5 C thaw was 1 C. Temperatures were determined using an ultraminiature (.2 mm) copper-constantan s thermocouple placed in the center of the ampule.
Thaws were accomplished by plunging four ampules into water baths maintained at the desired thaw temperature. Semen from the four ampules was then pooled in a 10 • 75-mm test tube and immediately placed in a 37 C water bath. At 0 hr (immediately post-thaw) and again at 4 and 8 hr of incubation, unfixed smears were evaluated for percentage of motile spermatozoa and percentage intact acrosomes. Percentage motile spermatozoa was estimated using phase contrast microscopy. Percentage intact acrosomes was quantitated by direct counts from unfixed smears using differential interference contrast microscopy. Intact acrosomes were defined as those spermatozoa containing an apical ridge (Saacke and Marshall, 1968; Saacke and White, 1972) . All samples were coded to insure that the individual conducting the evaluations was not aware of the treatments being evaluated.
Experiment H. The objective of Experiment II was to determine the effect of sudden post-thaw temperature reductions on semen thawed at fast rates and to compare this response with semen thawed at 5 C which did not undergo post-thaw temperature reductions in the post-thaw treatments used. Semen used in Experiment II was identical to that used in Experiment I. Thaws of 5 C for 10 min, 35 C for 4 min, 50 C for 75 sec and 100 C for 20 sec were chosen based on the results of Experiment I. Post-thaw treatments were accomplished immediately post-thaw by plunging ampules from each thaw into baths for 40 sec at -20 C or for 4.5 min at 1 C. Exposure times were based on the time required for the semen to reach 1 C following the post-thaw exposure. These times were determined prior to the experiment by placing a thermocouple in the center of the ampule. Alcohol and dry ice contained in 2qiter Dewar flasks were used to maintain the -20 C post-thaw bath and ice water slush served as the 1 C post-thaw bath. Ampules plunged into water at 37 C and held for 40see or 4.5 min served as controls for each treatment. All semen fDegrees of freedom of the error mean square.
evaluations following treatments were made in the same manner as described for Experiment I. Data for both experiments were subjected to analyses of variance and treatment means were subjected to further analyses using Duncan's New Multiple Range Test.
RESULTS

Experiment I.
At all hours of evaluation percentage of motile spermatozoa and percentage intact acrosomes varied significantly (P<.01) with ejaculate and thaw rate. An ejaculate x thaw rate interaction (P<.01) was also present. However, for both motility and percentage intact acrosomes, all ejaculates responded favorably to thaw rates of 50 C and higher when compared to thaws of 5 C and 35 C. The effects of thaw temperature on percentage intact acrosomes and percentage of motile spermatozoa are shown in tables 1 and 2. Effects of thaw rate on percentage intact acrosomes were immediate rather than latent as shown by differences (P<.01) at the 0 hr evaluation. Semen thawed at 5 C and 35 C did not differ at any hour of evaluation. However, the 20 C thaw resulted in damage (P<.01) to the acrosome. The overall means (mean of 0-, 4-and8-hr evaluations) for motility and percentage intact acrosomes were greater (P<.01) for semen thawed at 50 C and higher than for semen thawed at 5 C, 20 C and 35 C.
The overall mean for percentage intact acrosomes was higher (P<.01) for semen thawed at 100 C than for semen thawed at 50 C and 65 C. The 80 C thaw resulted in higher percentage intact acrosomes (P<.01) than the 50 C thaw but was not significantly different from the 65 CDegrees of freedom of the error mean square. Experiment II. Significant (P<.01) ejaculate x thaw rate, ejaculate x post-thaw treatment, ejaculate x hour and thaw rate x post-thaw treatment interactions were observed for percentage of motile spermatozoa and percentage intact acrosomes. The interaction of thaw rate x post-thaw treatment was significant for percentage intact acrosomes at all hours of evaluation. Semen thawed at 50 C and 100 C had higher percentage intact acrosomes in both 37 C post-thaw treatment groups than semen thawed at 5 C and 35 C (figures 2 and 4). However, when subjected to the cold post-thaw treatments (-20 C and 1 C) the ranking of the thaw rates with respect to percentage intact acrosomes was rearranged in favor of the 5 C thaw (figures t and 3).
The overall effects of the post-thaw treatments on percentage intact acrosomes at each thaw rate are shown in table 3. Within the -20 C and 1 C post-thaw treatments there was no difference between the 35 C and 50 C thaws. However, both sustained acrosomal damage (P<.01) when compared to the 5 C and 100 C thaws. The 100 C thaw followed by post-thaw treatments of -20 C and 1 C had lower (P<.01) percentage intact acrosomes when compared to the 5 C thaw. When exposed to the 37 C post-thaw treatments there was no difference between the 5 C and 35 C thaws for either percentage of motile spermatozoa or percentage intact acrosomes and both had lower (P<.01) percentage intact acrosomes than either the 50 v'x'Y'ZMeans across columns with different superscripts are significantly different (P<.01).
dDegrees of freedom of the error mean square.
C or 100 C thaws followed by the same post-thaw treatment. Except for the 5 C thaw, the -20 C post-thaw treatment produced more acrosomal damage (P<.01) than did the 1 C post-thaw treatment within thaw rates. With the exception of the 5 C thaw, the 1 C post-thaw treatment resulted in acrosomal damage (P<.01) when compared to either 37 C post-thaw treatment.
Results for motility were similar to those for acrosomal maintenance in this experiment and are presented in table 4.
Discussion
Experiment L Semen frozen in ampules and rapidly thawed retained motility and intact acrosomes when compared to slow thaw rates. Similar results have been shown with semen packaged in the plastic straw (Robbins et al., 1972 (Robbins et al., , 1976 Almquist and Wiggin, 1973a, b; Wiggin and Almquist, 1975; Senger et al., 1976) . However, intermediate thaw rates of 20 C for 4 min or 35 C for 4 min did not provide benefit over the 5 C thaw as reported by the above investigators using the plastic straw or in the glass ampule (Stoye, 1966) . Thaws of 5 C and 3 5 C were not significantly different while the 20 C thaw resulted in acrosomal damage (P<.01) when compared to all other thaws. This decrease for percentage of motile spermatozoa and percentage intact acrosomes with the 20 C thaw is similar to the results obtained by Pickett et al. (1965) for percentage of motile spermatozoa. Thaw rates of 20 C for 4 min may represent a critical thaw temperature for the ampule. Due to the large cross-sectional area of the ampule, x'Y'ZMeans across columns with different superscripts are significantly different (P<.O1).
the 20 C thaw undoubtedly results in the formation of a temperature gradient within the ampule. Such a gradient would be due to the presence of a frozen core within the ampule during thaw in conjunction with increasing temperatures toward the exterior of the ampule. While this gradient undoubtedly occurs in all thaws, the increased time that the gradient exists at thaws of 20 C as well as 35 C may allow thawed spermatozoa a longer time for exposure to a rather wide range of temperatures. It has been well documented that sudden temperature reductions result in damage to the cell membrane. However, Senger et al. (1976) recently demonstrated that damage to diluted bovine spermatozoa is also associated with sudden increases in temperature within physiologic limits. Within the microenvironment of the ampule thawed at 20 C, thawed motile spermatozoa may be exposed repeatedly to high and low temperatures. The 5 C thaw results in a temperature gradient of only a few degrees from the edge of the ice core to the exterior of the ampule, therefore minimizing exposure to a large temperature gradient. Thaw temperatures above 35 C result in rapid increases in the intra-ampule temperature allowing the temperature to quickly stabilize with the exterior temperature, therefore decreasing the time of exposure to the temperature gradient. While some sperm were undoubtedly damaged by heat, at the external surface of the ampule, the rapid temperature stabilization and short thaw time outweighed this detrimental effect. Wiggin and Almquist (1975) have suggested that the optimum thaw temperature for the straw may not be attainable using water thaws at ambient pressure. Likewise, the 100 C water thaw used in this study may not represent the optimum thawing method for maximizing sperm recovery in the ampule. Perhaps other media may enable higher thaw rates and further improve post-thaw semen quality.
Experiment H. When compared to the 37 C post-thaw treatment, semen frozen in ampules suffered damage (P<.01) in both percentage of motile spermatozoa and percentage intact acrosomes following exposure to cold post-thaw temperatures. This may be attributed to the formation of a temperature gradient within the ampule in the reverse direction of that of Experiment I. A temperature gradient exists from the warmer 35 C interior of the ampule to the exterior cold environment. Motile sperrnatozoa within the ampule may be exposed to this gradient several times during the post-thaw treatment period. Additional time for temperature equilibration may be required due to the large cross-sectional area of the ampule. This increased exposure time to the temperature gradient undoubtedly contributes to cell membrane damage.
Semen thawed at 35 C or above suffered more acrosomal damage (P<L01) than semen thawed at 5 C. The internal temperature following thaw was 35 C for semen thawed at 35 C, 50 C or 100 C while the internal temperature following the 5 C thaw was 1 C. Regardless of the thaw temperature used, the -20 C and 1 C post-thaw treatment resulted in a final internal ampule temperature of 1 C. When semen was thawed at 5 C, the post-thaw treatments produced little or no damage because no temperature reduction occurred following thaw. However, the --20 C and 1 C post-thaw treatments resulted in a 34 degree temperature decrease for semen thawed at 35 C, 50 C and 100 C. Any attempts to produce damage to semen thawed at 5 C by lowering the final temperature below 1 C resulted in refreezing the semen.
Based on results obtained in these experiments, it is evident that no advantage to percentage of motile spermatozoa or percentage intact acrosomes can be gained with practical thawing rates of 20 C for 4 rain to 35 C for 4 minutes. Damage to spermatozoa was observed following cold post-thaw treatments with the faster thaw rates suggesting that the conventional 5 C water thaw should be used when exposure to cold ambient temperatures following thaw is likely.
